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HUMAN VESTIBULAR SYSTEM 
ABSTRACT 
The p h y s i c a l  p r o p e r t i e s  o f  t h e  v e s t i b u l a r  system are 
examined t o  determine an a n a l y t i c a l  model of t h e  c a n a l i c u l a r  
response t o  r o t a t i o n  i n  a l i n e a r  a c c e l e r a t i o n  f i e l d .  The 
d i s t e n s i o n  of t h e  membranous cana l  d u c t  i s  shown t o  produce 
a "roller pump" a c t i o n  of t h e  endolymph when the  c a n a l  is  
r o t a t e d  about  an a x i s  or thogonal  t o  t h e  l i n e a r  a c c e l e r a t i o n  
v e c t o r .  Experiments t o  e v a l u a t e  f u r t h e r  t h e  a p p a r e n t l y  non- 
l i n e a r  low frequency response of t h e  s e m i c i r c u l a r  c a n a l s  are 
p r e s e n t e d  and d iscussed .  
P r i n c i p a l  I n v e s t i g a t o r s :  J. L. Meiry 
L. R. Young 
June 1967 
2. 
I. THE RESPONSE O F  THE SEMICIRCULAR CANALS TO 
ROTATION IN A LINEAR ACCELERATION FIELD 
(Experiments and Analysis  by Robert Steer) 
Seve ra l  of t h e  experiments which have been dev i sed  t o  
s t u d y  man's v e s t i b u l a r  r e a c t i o n s  t o  unusual motion environments  
have e l i c i t e d  modes of  response t h a t  cannot  be accounted for 
by e x i s t i n g  p h y s i c a l  d e s c r i p t i o n s  o r  a n a l y t i c  models of t h e  
v e s t i b u l a r  system. 
of  r e c e n t  experiments  which show t h a t  r o t a t i o n  o f  subjects 
a t  a c o n s t a n t  angu la r  v e l o c i t y  abou t  a h o r i z o n t a l  l o n g i t u d i n a l  
a x i s  provokes cont inuous v e s t i b u l a r  nystagmus and s u b j e c t i v e  
s e n s a t i o n  of  r o t a t i o n .  Classical concepts  o f  t h e  v e s t i b u l a r  
s e n s o r s  p r e d i c t  on ly  a t r a n s i e n t  nystagmus response  which 
decays t o  zero f o r  t h i s  s t imu lus  and f o r  c o n s t a n t  v e l o c i t y  
Of p a r t i c u l a r  importance are t h e  r e s u l t s  
r o t a t i o n  about  any a x i s .  Thus i t  has  become necessa ry  t o  
re-examine t h e s e  classical  concepts  t o  de termine  which recep-  
tors  are r e s p o n s i b l e  f o r  t h i s  mode of s t i m u l a t i o n .  
T h e  F l e x i b l e  Semic i r cu la r  Canals as a "Rol le r  Pump" 
From h i s t o l o g i c a l  s t u d i e s  by I g a r a s h i ,  t h e  p o s i t i o n  o f  
t h e  membranous l a b y r i n t h  r e l a t i v e  t o  t h e  bony l a b y r i n t h  h a s  
been a c c u r a t e l y  measured. Observat ions of  Engstrom i n d i c a t e  
t h a t  t h e  d u c t  of t h e  membranous c a n a l  i s  a t t a c h e d  by f i b r o u s  
connec t ions  a long  i t s  o u t e r  pe r iphe ry  t o  t h e  bony c a n a l .  
However, t h e  i n n e r  pe r iphe ry  is  r e l a t i v e l y  una t tached  and 
f l e x i b l e ,  and Money has  shown f o r  p igeons  t h a t  t h e  d u c t  is 
d e n s e r  t h a n  e i ther  t h e  endolymph o r  perilymph t h a t  su r rounds  
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it. Under t h e  i n f l u e n c e  of  pure angu la r  a c c e l e r a t i o n  about  
an a x i s  i n  t h e  d i r e c t i o n  of the  g r a v i t y  f i e l d ,  t h e  d u c t  
f l e x i b i l i t y  and d e n s i t y  w i l l  have no s i g n i f i c a n t  consequences.  
However, i f  t h e  g r a v i t y  f i e l d  is  n o t  c o l i n e a r  wi th  t h e  a x i s  
o f  r o t a t i o n ,  a component of  i t  w i l l  ac t  upon t h e  mass 
unbalance and can produce a movement of  endolymph w i t h i n  t h e  
duc t .  
A f l e x i b l e  d u c t  immersed i n  and c o n t a i n i n g  an incompress ib l e  
f l u i d  w i l l  be d i s t ended  by t h e  i n f l u e n c e  o f  a l i n e a r  accelera- 
t i o n  i f  i t s  d e n s i t y  i s  d i f f e r e n t  from t h a t  of t h e  f l u i d ,  and 
a d e n s i t y  d i f f e r e n c e  between t h e  i n t e r i o r  and e x t e r i o r  f l u i d s  
w i l l  f u r t h e r  accen tua te  t h i s  d i s t e n s i o n .  As shown i n  F ig .  1, 
a f l e x i b l e  c i r c u l a r  duc t  w h i c h  i s  a t t a c h e d  along i t s  o u t e r  
pe r iphe ry  t o  a r i g i d  s t r u c t u r e  and i s  dense r  t h a n  t h e  f l u i d  
sur rounding  it w i l l  have a constricted c r o s s - s e c t i o n a l  area 
where t h e  a c c e l e r a t i o n  f i e l d  pushes it a g a i n s t  i t s  s u p p o r t ,  
and it w i l l  be  expanded where t h e  a c c e l e r a t i o n  pushes it 
away from i t s  suppor t .  
F u r t h e r ,  as i l l u s t r a t e d  i n  F ig .  1, i f  t h e  l i n e a r  accelera- 
t i o n  v e c t o r  a is  slowly r o t a t e d  a t  a c o n s t a n t  angu la r  v e l o c i t y  
w ,  t h e  c o n s t r i c t i o n  w i l l  move a long  t h e  o u t e r  pe r iphe ry  o f  
t h e  d u c t  i n  phase w i t h  t h e  r o t a t i o n  of  t h e  a c c e l e r a t i o n  
vector. The e f f e c t  of  the moving c o n s t r i c t i o n  is t h e n  t o  
move or  pump t h e  f l u i d  i n  t h e  d u c t  i n  the  d i r e c t i o n  o f  rota- 
t i o n .  Th i s  pumping ac t ion  works  a g a i n s t  t h e  v i s c o s i t y  and 
i n e r t i a  of t h e  f l u i d ,  and a high a n g u l a r  r o t a t i o n  rates t h e  
f l u i d  t h a t  i s  be ing  pushed by t h e  moving c o n s t r i c t i o n  cannot  
be d i s p l a c e d  f a s t  enough. I t  thereby  b u i l d s  up a p r e s s u r e  
g r a d i e n t  which expands t h e  d u c t  back toward i t s  o r i g i n a l  
uniform shape. Thus, f o r  high angular  r o t a t i o n  rates o f  t h e  
l i n e a r  a c c e l e r a t i o n  v e c t o r ,  t h e  mass of t h e  f l u i d s  a c t s  as 
a hydro-mechanical f i l t e r  which reduces t h e  d u c t  c o n s t r i c t i o n  
and,  a long  w i t h  i t ,  t h e  pumping a c t i o n  of  t h e  f l e x i b l e  tube. 
For a f l e x i b l e  tube  wi th  an e l a s t i c  flow r e s t r a i n t  such 
as t h e  cupula  o f  t h e  s e m i c i r c u l a r  c a n a l s ,  t h e  f l u i d  i s  i n i -  
t i a l l y  pumped a g a i n s t  and d i s p l a c e s  t h e  e las t ic  r e s t r a i n t  
which t h e n  produces a p r e s s u r e  d i f f e r e n t i a l  across t h e  tube .  
A s t a t i c  e q u i l i b r i u m  s t a t e  i s  then reached where t h e  d i s p l a c e d  
e las t ic  r e s t r a i n t  p rovides  s u f f i c i e n t  p r e s s u r e  feedback t o  
i n h i b i t  f u r t h e r  flow. Thus, f o r  a c o n s t a n t  v e l o c i t y  o f  
r o t a t i o n  i n  a l i n e a r  a c c e l e r a t i o n  f i e l d ,  a c o n s t a n t  cupula  
d isp lacement  can be maintained by t h i s  f l e x i b l e  roller pump 
a c t i o n .  
A Model f o r  C a n a l i c u l a r  Response t o  Rota t ing  L inea r  A c c e l e r a t i o n  
S t i m u l a t i o n  
For c o n s t a n t  ro t a t ion  o f  the  s e m i c i r c u l a r  c a n a l s ,  t h e  
s t e a d y  s t a t e  d isp lacement  of t h e  e l a s t i c  cupula  p rov ides  a 
p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  cupula  which i n h i b i t s  f u r t h e r  
f l o w .  A l l  o f  t h e  f l u i d  d i sp laced  by t h e  moving c o n s t r i c t i o n  
must t h e r e f o r e  flow back through t h e  c o n s t r i c t i o n ,  ana t h e  
p r e s s u r e  drop  of t h i s  "back flow" must e x a c t l y  ba l ance  t h a t  
caused by t h e  d i s p l a c e d  cupula .  
C (A - Ac) W R 
A A 
A - 
v(-) = 
where 
A = cross s e c t i o n a l  area of t h e  u n r e s t r i c t e d  p o r t i o n  of 
t h e  d u c t  
A,= cross s e c t i o n a l  area of  t h e  c o n s t r i c t e d  p o r t i o n  of 
t h e  d u c t  
W = r o t a t i o n  r a t e  of the l i n e a r  a c c e l e r a t i o n  vector 
R = r a d i u s  of t h e  t o r u s  
The s t a t i c  p r e s s u r e  d i f f e r e n t i a l  Ap which can ma in ta in  
an average f l o w  o f  endolymph can be c a l c u l a t e d  from f l u i d  
dynamic a n a l y s i s  t o  be: 
Ap = - 
where 
p = v i s c o s i t y  o f  endolymph ( i n  p o i s e )  
a = r a d i u s  of  c a n a l i c u l a r  d u c t  ( i n  c m )  
g = g r a v i t a t i o n a l  c o n s t a n t ,  980 cm/sec' 
From e q u a t i o n s  (1) and ( 2 )  w e  f i n d  t h a t  t h e  c u p u i a r  p r e s s u r e  
d i f f e r e n t i a l  Ap t h a t  a r o t a t i n g  c o n s t r i c t i o n  can ma in ta in  i s  
F u r t h e r ,  it can a l s o  be shown t h a t  a p r e s s u r e  differential 
Ap across t h e  membranous d u c t  produces a cupu la r  response  
which i s  r e l a t e d  t o  angu la r  a c c e l e r a t i o n  s t i m u i a t i o n  a by t n e  
e q u a t i o n  
Ap = 2 TT R p g a ( 5 )  
From equa t ions  (4) and (5 )  w e  ob ta in  t h e  r e l a t i o n s h i p  
between t h e  rate of angu la r  r o t a t i o n ,  t h e  magnitude of t h e  
d u c t  r e s t r i c t i o n ,  and t h e  e q u i v a l e n t  c o n s t a n t  angu la r  
a c c e l e r a t i o n  t h a t  would produce t h e  same s t e a d y  s t a t e  c u p u l a r  
displacement .  
For  t h e  human s e m i c i r c u l a r  c a n a l s  where 
a = 0 . 0 1 5  c m  
R = 0.3 c m  
p = 1 gm/cm3 
p = 0 . 0 0 8 5  p o i s e  
g = 980 crn/sec2 
a 0.3(1 - e q u i v  
T o  e s t a b l i s h  t h e  
( 7 )  
AC 
-) W rad /sec  A 
a p p l i c a b i l i t y  of t h e  ro l le r  pump 
p r i n c i p l e  t o  t h e  s e m i c i r c u l a r  c a n a l ,  t h e  re la t ive  magnitudes 
of t h e  b i a s  component of s l o w  phase nystagmus from r o t a t i o n  
i n  a l i n e a r  a c c e l e r a t i o n  f i e l d  and t h e  s t e a d y  s ta te  nystagmus 
s t i m u l a t e d  by c o n s t a n t  angu la r  a c c e l e r a t i o n  can now be 
7 
campared t o  determine h o w  l a r g e  a d i s t e n s i o n  o f  t h e  d u c t  is 
necessa ry  t o  produce a s i g n i f i c a n t  p h y s i o l o g i c a l  response.  
~ro; . ; l  t h e  data of ~ c e r t r y ~  ;r G0/sec bias component of 
v e s t i b u l a r  nystagmus i s  noted f o r  a 1 rad/sec r o t a t i o n  about  
a h o r i z o n t a l  l o n g i t u d i n a l  a x i s .  S e v e r a l  experiments  have 
shown t h a t  such a 6 O / s e c  slow phase v e l o c i t y  would a l so  
r e s u l t  from a 0.6°/sec' o r  0 . 0 1  rad/sec'  c o n s t a n t  angu la r  
a c c e l e r a t i o n .  S o l u t i o n  of  equat ion  ( 7 )  f o r  t h e  va lue  of 
AC when 
W = 1 rad / sec  
"equiv = 0 .01  rad/sec'  
y i e l d s  
T h i s  shows t h a t  a m e r e  3% c o n s t r i c t i o n  i n  d u c t  area, o r  
co r re spond ing ly ,  a 1 .5% c o n t r a c t i o n  o f  t h e  r a d i u s  of t h e  mem- 
branous c a n a l i c u l a r  d u c t  can produce s u f f i c i e n t  ro l le r  pump 
a c t i o n  t o  account  f o r  t h e  observed b ias  component of nystagmus 
which r e s u l t s  from c o n s t a n t  r o t a t i o n  a t  1 rad / sec  i n  a 1 g 
a c c e l e r a t i o n  f i e l d .  
The r o t a t i o n  r a t e  Wr a t  which t h e  r o l l e r  pump a c t i o n  
d imin i shes  i s  determined by t h e  e l a s t i c i t y  and s t r e n g t h  of t h e  
f i b r o u s  a t tachments  of t h e  duc t ,  and is  n o t  r e a d i l y  c a l c u l a b l e .  
However, t h i s  c u t  o f f  frequency can be accounted f o r .  by 
a d j o i n i n g  t o  equa t ion  ( 6 )  a high frequency lag term t o  p rov ide  
0 
f o r  a diminished response a t  nigher rates of r ~ t a t i o n .  From 
t h i s  w e  o b t a i n :  
R o t a t i n g  L inea r  Acce le ra t ion  S t imula t ion  Experiments 
To i n v e s t i g a t e  t h e  v a r i a t i o n  of t h e  b i a s  and t h e  amplitude, 
of t h e  s i n u s o i d a l  CoGPonent of v e s t i b u l a r  nystagmus as a 
f u n c t i o n  of r o t a t i o n  ra te ,  t h e  M.I.T. I n s t rumen ta t ion  Labora- 
t o r y  P r e c i s i o n  Cen t r i fuge  w i t h  a r o t a t i n g  p l a t fo rm a t  a 32 f t .  
r a d i u s  was f i t t e d  wi th  t h e  Man-Vehicle Con t ro l  Labora tory  
r o t a t i n g  c h a i r  s i m u l a t o r  and  s i x  exper imenta l  subjects w e r e  
r o t a t e d  a t  5 ,  7 . 5 ,  1 0 ,  20, 30, and 4 0  rpm i n  a 0 . 3  g h o r i z o n t a l  
a c c e l e r a t i o n  f i e l d .  Nystagmus w a s  measured w i t h  eyes  open i n  
t h e  dark  by use o f  a Biosystems, Inc .  pu l sed - in f r a red  eye  
movement monitor.  
Prom t h e  nystagmus record ings  t h e  slow phase nystagmus 
v e l o c i t i e s  were calculated and p l o t t e d .  I n  F ig .  2 is  shown 
a sample nystagmus r eco rd ing  fo r  each  of t h e  s i x  rotat ion 
rates  used,  and i n  Fig.  3 i s  shown a sample o f  t h e  slow phase 
ve loc i t ies  f o r  each r o t a t i o n  rate. The r e s u l t s  show a 
p e r s i s t e n t  s i n u s o i d a l  component ( u t r i c u l a r l y  sensed)  a t  t h e  
p e r i o d  of r o t a t i o n  f o r  a l l  s u b j e c t s  a t  a l l  r o t a t i o n  rates.  
For m o s t  s u b j e c t s ,  a clear b i a s  component ( c a n a l i c u l a r l y  . 
sensed )  i s  observed f o r  5 and 7.5 rpm and f o r  some it s t i l l  
e x i s t s  a t  1 0  rpm; however, f o r  2 0 ,  3 0 ,  and 4 0  rpm it is n o t  
obse rvab le  i n  any of t h e  s u b j e c t s  tested. The ampl i tude  of 
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t h e  s i n u s o i d a l  component i n c r e a s e s  w i t h  increasing rates ef 
r o t a t i o n .  
T o  compare t h e  r e s u l t s  w i t h  those of t h e  h o r i z o n t a l  
r o t a t i o n  experiments  it is  necessary , even though t h e  assump- 
t i o n  o f  l i n e a r i t y  i s  tenuous,  t o  normalize t h e  r e s u l t s  of 
o u r  experiments  w i t h  r e s p e c t  t o  a one g g r a v i t y  f i e l d .  I n  
F ig .  4a and b o u r  normalized r e s u l t s  are p l o t t e d  a long  w i t h  
those o f  Benson and Guedry. The model p r e d i c t e d  b i a s  com- 
ponent  i s  a l so  p l o t t e d  i n  Fig.4a f o r  an assumed upper break  
frequency o f  Wr = 7.5 rpm, 
)- f 
It  does appear  t h a t  the p red ic t ed  responses  f r o m  t h e  
" ro l le r  pump" model are borne out  by t h e  d a t a  i n  t h a t  a t  l o w  
and h igh  r o t a t i o n  rates t h e  b i a s  component i s  n o t  obse rvab le ,  
and there is a g e n e r a l  shape of measured response  t h a t  does 
conform t o  t h e  p r e d i c t e d  second order system. F u r t h e r ,  t h e  
exper imenta l  d a t a  show t h a t  the  upper break  frequency which 
w e  were unable  t o  c a l c u l a t e  becuase o f  i n s u f f i c i e n t  d a t a  i s  
i n  t h e  range from 5 t o  1 0  rpm. 
I n  summary, t h e s e  experiments ,  which provide  a s l i g h t l y  
d i f f e r e n t  v e s t i b u l a r  s t i m u l a t i o n  than  t h e  "barbecue s p i t "  
experiments  of Guedry and Benson o r  t h e  " r e v o l u t i o n  w i t h o u t  
r o t a t i o n "  experiments  of  Money, f u r t h e r  v e r i f y  t h e  hypo thes i s  
t h a t  r o t a t i o n  a t  a c o n s t a n t  v e l o c i t y  i n  a l i n e a r  a c c e l e r a t i o n  
f i e l d  does provoke v e s t i b u l a r  nystagmus. The r e s u l t s  o f  t h e  
a n a l y s i s  p r e s e n t e d  h e r e  show t h a t  a d u c t  area c o n s t r i c t i o n  of 
o n l y  3% prov ides  s u f f i c i e n t  r o l l e r  pump a c t i o n  t o  g e n e r a t e  
t h e  observed b i a s  component o f  nystagmus. I n  a d d i t i o n ,  t h e  
upper c u t  o f f  frequency Wr w a s  found expe r imen ta l ly  t o  be i n  
t h e  range between 7 .5  and 1 0  rev/min. 
(Experiments and Analysis  by Gerald Katz) 
The dynamic p r o p e r t i e s  of t h e  s e m i c i r c u l a r  c a n a l s  are 
g e n e r a l l y  modelled as a to r s ion  pendulum q u a n t i t a t i v e l y  
d e s c r i b e d  by a l i n e a r  second o r d e r  d i f f e r e n t i a l  equa t ion .  
This  model i s  c h a r a c t e r i z e d  by t w o  t i m e  c o n s t a n t s ,  t h e  v a l u e s  
o f  which are w e l l  known both  f o r  subjective response t o  
angu la r  a c c e l e r a t i o n s  and f o r  o b j e c t i v e  response as measured 
by eye  nystagmus. While t h e  assumption o f  l i n e a r i t y  is  
warran ted  f o r  a wide range o f  f r equenc ie s ,  Hixon and Niven 
i n  1 9 6 2  found t h a t  nystagmus e l i c i t e d  a t  l o w  f r e q u e n c i e s  
( 0 . 0 2  and 0 .04  Hz) appears  t o  be dependent upon t h e  magnitude 
o f  peak angu la r  a c c e l e r a t i o n .  
To examine f u r t h e r  t h i s  apparent  n o n l i n e a r i t y  o f  t h e  
s e m i c i r c u l a r  c a n a l  response ,  a series o f  experiments  w a s  
c a r r i e d  o u t  t o  measure t h e  s u b j e c t i v e  and o b j e c t i v e  response  
t o  angu la r  s i n u s o i d a l  a c c e l e r a t i o n s  of predominantly l o w  
f r e q u e n c i e s  (.01 Hz t o  .1 Hz) .  
T h e  Experiment 
Experiments w e r e  performed on f o u r  s u b j e c t s .  Each sub- 
ject  was s e a t e d  i n  t h e  cab o f  t h e  Man-Vehicle Con t ro l  Labora- 
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t o r y  r o t a t i n g  c h a i r  (see MV-67-2) h i s  head s e c u r e l y  
a u v v L  -I..--*- + ha -nn+er -__--_ nf r o t a t i o n  by means of  a head rest 
p o s i t i o n e d  
and head 
s t r a p .  H i s  torso w a s  held i n  p lace  by an a i r c r a f t  t ype  o f  
s h o u l d e r  ha rness  and s e a t  b e l t .  Within e a s y  reach  of h i s  r i g h t  
hand w a s  a s imple d i r e c t i o n a l  switch t o  be used by t h e  s u b j e c t  
t o  i n d i c a t e  t h e  s u b j e c t i v e  f e e l i n g  o f  r o t a t i o n  d i r e c t i o n .  
Eye movements r e l a t ive  t o  the  s k u l l  were measured by a 
non-contact  method based upon d e t e c t i o n  of t h e  d i f f e r e n c e  i n  
r e f l e c t e d  l i g h t  from t h e  sclera and t h e  i r i s  on both  s i d e s  
of  one eye.  A commercial model of an e y e  movement monitor  
w i t h  a l i n e a r  range of k 1 5 O  and a r e s o l u t i o n  of 0.lo, mounted 
on g l a s s e s  worn by t h e  subject, was used f o r  t h e  e n t i r e  
series o f  experiments  d e s c r i b e d  i n  t h i s  s e c t i o n .  
T o  comply w i t h  requi rements  fo r  complete darkness  i n  t h e  
cab ( e l i m i n a t i o n  o f  v i s u a l  f i x a t i o n  p o i n t ) ,  t h e  necessa ry  
i l l u m i n a t i o n  o f  t h e  eye  b a l l  w a s  achieved by an i n f r a r e d  
l i g h t .  Recordings of  t h e  cab p o s i t i o n  and eye  movements 
were taken  cont inuous ly  and s imultaneously du r ing  t h e  
experiments .  
The m a t r i x  of f requency and peak ampli tude of s i n u s o i d a l  
a c c e l e r a t i o n  p resen ted  t o  each subjec t  i s  l is ted below (Table  
1). A l l  of  t h e  data  p o i n t s  except  t h o s e  a t  .01 Hz and .02 Hz 
were run f o r  a l e n g t h  of t i m e  (several c y c l e s )  such t h a t  t h e  
r e s u l t s  from t e n  c y c l e s  of readable  d a t a  could  be c o l l e c t e d  
and averaged. The f i r s t  s i x t y  seconds of  a l l  r e c o r d s  w e r e  
d i s r e g a r d e d  t o  allow t h e  t r a n s i e n t  response  o f  t h e  c a n a l s  t o  
.01 
.02 
.04 
.08 
.10 
X X 
X X X X 
X X X X 
X X X X 
X X X X 
Table 1. Matr ix  o f  Data P o i n t s  P re sen ted  
a t t e n u a t e .  A t  .01 Hz and .02 IIz t h e  peak angu la r  v e l o c i t y  
w a s  g rea t  enough t o  cause discomfort  f o r  t h e  subject i f  he  
w a s  exposed t o  o s c i l l a t i o n  a t  these f r e q u e n c i e s  f o r  any 
p r o t r a c t e d  l e n g t h  o f  t i m e  ( g r e a t e r  t han  5 minu tes ) .  W e  
a t tempted  t o  col lect  f i v e  o r  s i x  c y c l e s  o f  readable da ta  on 
t w o  o r  t h r e e  d i f f e r e n t  runs  a t  t h e  s a m e  data p o i n t .  
The subjective response of t h e  s u b j e c t  t o  angu la r  accel- 
e r a t i o n  w a s  i n d i c a t e d  by means of t h e  d i r e c t i o n a l  s w i t c h  
p r e v i o u s l y  mentioned. Each s u b j e c t  impulsed t h e  s w i t c h  i n  
the  d i r e c t i o n  t h a t  he f e l t  h e  was r o t a t i n g .  Th i s  d i r e c t i o n a l  
impulse s i g n a l ,  t h e  i n p u t  s i n u s o i d  to t h e  system, t h e  a n g u l a r  
p o s i t i o n  of t h e  cha i r ,  and t h e  nystagmus w e r e  a l l  r eco rded  
s imul taneous ly  on a f o u r  channel pen recorder. The subjective 
swi t ches  and t h e  t r a n s i t i o n  p o i n t  from l e f t  t o  r i g h t  b e a t i n g  
nystagmus c o u l d  r e a d i l y  be compared t o  the a c t u a l  zero a n g u l a r  
v e l o c i t y  p o i n t s  of t h e  c h a i r .  
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R e s u l t s  and Discussion 
N o  q u a n t i t a t i v e  i n f e r e n c e s  w e r e  drawn, n o r  w i l l  any b e  
r e p o r t e d ,  from t h e  data ga thered ,  I t  is  f e l t  t h a t  a t  l e a s t  
t e n  more hour s  of exper imenta t ion  ( i n  a d d i t i o n  t o  t h e  f i v e  
a l r e a d y  expended) p e r  s u b j e c t  is necessa ry  b e f o r e  t h e r e  would 
be a sound s t a t i s t i c a l  b a s i s  upon which t o  rest any q u a n t i t a -  
t ive  conclus ions .  
Although any thought o f d e r i v i n g  some q u a n t i t a t i v e  knowledge 
from t h e  experiments  must be put  a s i d e ,  t h e r e  is  a wea l th  of  
q u a l i t a t i v e  understanding a v a i l a b l e .  This  encourages one about  
t h e  p o s s i b i l i t y  of g a i n i n g  numerical  unders tanding  by expan- 
s i o n  o f  t h e  p r e s e n t  experiments.  
P l o t t i n g  t h e  s u b j e c t i v e  and objective phase s h i f t  r e s u l t s  
of t h e s e  experiments  a g a i n s t  t h e  t h e o r e t i c a l  d e s c r i p t i o n  o f  
t h e  h o r i z o n t a l  s e m i c i r c u l a r  c a n a l s  r e s u l t s  i n  F igs .  5 and 6. 
I n  F ig .  5, most of  t h e  d a t a  f a l l s  below t h e  t h e o r e t i c a l  curve.  
I n  F ig .  6 ,  m o s t  is  above t h e  theore t ica l  curve.  T h i s  confirms 
t h e  o b s e r v a t i o n  t h a t  t h e  o b j e c t i v e  nystagmus response  e x h i b i t s  
more phase l e a d  than  t h e  subjec t ive  response  a t  i d e n t i c a l  
s t i m u l u s  cond i t ions .  I n  t h e  p a s t ,  however, t h e  t w o  responses  
w e r e  e l i c i t e d  and recorded  s e p a r a t e l y .  They w e r e  recorded  
s imul taneous ly  i n  t h e  p r e s e n t  experiments .  I t  is h e a r t e n i n g  
t o  n o t e  t h a t  a l though there i s  a ve ry  w i d e  sp read ,  tne l o c u s  
o f  t h e  c e n t e r  of g r a v i t y  of t h e  data f o r  t h e  s u b j e c t i v e  
response does l i e  b u t  s l i g h t l y  below t h e  t h e o r e t i c a l  curve .  
Upon t h e  c o l l e c t i o n  of more d a t a ,  a l e a s t  squa res  f i t  cou ld  
be made t o  determine whether there i s  a d iscrepancy .  
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Fig .  7 is a p l o t  of t h e  composite r e s u l t s  of t h e  p r e s e n t  
experiments  against the Hixon and Niven coinposite r e s u l t s .  
There i s  a g r e a t  d e a l  of c o r r e l a t i o n  n o t i c e a b l e  here .  Iiixon 
and Niven sugges ted  t h a t  t h e r e  w a s  an i n h e r e n t  n o n l i n e a r i t y  
i n  t h e  v e s t i b u l a r  system ev iden t  a t  l o w  frequency-low angu la r  
a c c e l e r a t i o n  s t i m u l a t i o n  w h i c n  t hey  proposed could  be a t t r i -  
bu ted  t o  the  cupula  exceeding an ang le  of d e f l e c t i o n  t h a t  would 
s t i l l  enab le  it t o  seal t h e  ampulla. Leakage around t h e  
cupula  by t h e  endolymph would cause  t h e  n o n l i n e a r  response.  
Although it cannot be concluded f r o m  t h e  p re sen ted  experiments  
t h a t  t h e  n o n l i n e a r i t y  is  n o t  p r e s e n t ,  it also cannot  be  shown 
t h a t  there is a l i n e a r  r e l a t i o n s h i p  between phase lead and 
s t i m u l u s  frequency r e g a r d l e s s  of ampl i tude  of a c c e l e r a t i o n .  
I t  i s  e v i d e n t  t h a t  o u r  experimental  d a t a  i s  n o t  s u f f i c i e n t  
t o  suppor t  o r  nega te  t h e  e x i s t e n c e  o f  l o w  f requency n o n l i n e a r i t y  
f o r  t h e  s e m i c i r c u l a r  c a n a l  model. F u r t h e r  exper imenta t ion  t o  
expand t h e  scope of knowledge i n  t h i s  area is planned f o r  t h e  
f i r s t  hal f  of 1 9 6 8 .  
. 
Figure  1 
Illustration of the pumping action of the distended 
duct when the linear acceleration f i e l d  
is rotated at a uniform angular 
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Figure  3 
Slow phase nystagmus velocities from 
r o t a t i o n  i n  0.3 g f i e l d  
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Figure 4 
Summary of available data of normalized 
bias and sinusoidal amplitude of vestibular nystagmus 
from rotation in a 1 g f i e l d  
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Figure 7 
Combined Results  of Experiments v s .  Hixon and Niven 
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